Objective To implement high-resolution morphologic and quantitative magnetic resonance imaging (MRI) of the temporomandibular joint (TMJ) using ultrashort time-to-echo (UTE) techniques in cadavers and volunteers. Methods This study was approved by the institutional review board. TMJs of cadavers and volunteers were imaged on a 3-T MR system. High-resolution morphologic and quantitative sequences using conventional and UTE techniques were performed in cadaveric TMJs. Morphologic and UTE quantitative sequences were performed in asymptomatic and symptomatic volunteers. Results Morphologic evaluation demonstrated the TMJ structures in open-and closed-mouth position. UTE techniques facilitated the visualization of the disc and fibrocartilage. Quantitative UTE MRI was successfully performed ex vivo and in vivo, reflecting the degree of degeneration. There was a difference in the mean UTE T2* values between asymptomatic and symptomatic volunteers. Conclusions MRI evaluation of the TMJ using UTE techniques allows characterization of the internal structure and quantification of the MR properties of the disc. Quantitative UTE MRI can be performed in vivo with short scan times.
Introduction
Disorders of the temporomandibular joint (TMJ) are common and affect from 10 to 28 % of the population [1, 2] . Between 3 and 7 % of the population seeks treatment for pain and dysfunction of the TMJ or related structures [1] . The presence of symptoms, such as clicks, limitation of the oral aperture and pain, increase at more advance ages [2] [3] [4] . Damage to the TMJ disc has been shown to occur in the early stages of TMJ dysfunction before the appearance of any morphologic or positional changes [3, 5] .
Magnetic resonance imaging (MRI) has been accepted as the imaging modality of choice to assess TMJ disorders as it provides a noninvasive method of osseous and soft tissue visualization with excellent spatial and contrast resolution [4, [6] [7] [8] . MR evaluation of the TMJ is useful to detect alterations in disc morphology or position, joint effusion and some of the signs related with osteoarthritis (OA) [2, 7, 8] . Furthermore, dynamic and pseudodynamic studies of the TMJ can be obtained with MRI as the patient opens and closes the mouth [9] [10] [11] .
Despite the technological advances that have resulted in an improved visualization of the TMJ, conventional MRI techniques have some limitations. In the TMJ some tissues such as the cortical bone and fibrocartilage present in the disc and in the articulating surfaces have a majority of short T2 components [12] [13] [14] . As conventional MRI sequences use longer TEs, the signal from those short T2 tissues has decayed before imaging acquisition [13] [14] [15] .
Quantitative MRI techniques have been developed to map various MR imaging parameters, assessing the biochemical and structural changes that precede the morphologic findings observed in conventional MRI. These techniques have the ability to assess the proteoglycan (PG) content, collagen content, and orientation and water mobility in tissues and are therefore sensitive to early degeneration. Quantitative techniques have been used mostly in the evaluation of the articular cartilage and meniscus [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Recently implemented ultrashort time-to-echo (UTE) pulse sequences, which use much shorter TEs (down to 8 μs) than conventional MRI, allow the detection of signal from tissues with short T2 components [13] [14] [15] . Quantitative MRI using UTE pulse sequences facilitate the evaluation of such tissues [26] [27] [28] [29] [30] .
Few articles have been published in the literature regarding quantitative MR evaluation of the TMJ. According to these studies, quantitative MRI (with UTE or conventional imaging) is a valid technique that facilitates characterization of the TMJ disc and may reflect the biomechanical and histochemical properties of the tissue [5, 31] .
In light of recent findings, it would be important to translate UTE quantitative techniques in vivo, and to determine its sensitivity to diseases involving the TMJ. The objectives of this study are: (1) to implement high-resolution morphologic and quantitative MRI of the TMJ using UTE techniques in cadaveric TMJs and (2) to implement UTE quantitative MRI techniques in vivo in symptomatic and asymptomatic volunteers.
Materials and methods
The Institutional Review Board (IRB) exempted the cadaveric study and informed consent was not required. An IRB approval and informed consent were obtained for the volunteers MR imaging study.
Cadaveric specimen preparation
Skulls from four fresh cadavers were obtained (62-74 years, two females/two males), and two articular discs were dissected from two of the donors. The specimens were initially frozen at −40°C (Bio-Freezer; Forma Scientific, Marietta, OH) and thawed in saline for 8 to 12 h at room temperature prior to MR imaging.
Cadaveric specimen MRI
Three cadaveric TMJs (from 2 donors) were imaged in a 3-T Signa HDx scanner (GE Healthcare, Milwaukee, WI) using a modified transmit/receive switch and a 3-inch surface coil placed adjacent to the TMJ. The two dissected articular discs (from two different donors) were imaged in the same MR system, using a custom-built transmit-receive solenoid.
High-resolution morphologic sequences were performed in the cadaveric TMJs and included: (1) sagittal fat-saturated (FS) proton density (PD) fast spin echo (FSE) sequences (FOV= 8 cm, matrix = 384 × 384, slice thickness = 1.7 mm, TR= 2000 ms, TE=30.10 ms, NEX=2, scanning time=8.6 min); (2) sagittal non-fat-saturated (NFS) PD FSE sequences (FOV= 8 cm, matrix = 384 × 384, slice thickness = 1.7 mm, TR= 2000 ms, TE=40.4 ms, NEX=2, scanning time=8.6 min); (3) 2D UTE NFS sequences in the sagittal plane (FOV=8 cm, matrix=512×511, slice thickness=1.7 mm, TR=500 ms, TEs= 0.01 ms and 7.2 ms, NEX=2, scanning time=8.5 min).
Two-dimensional UTE pulse sequences employed a half radio frequency excitation pulse with radial mapping of kspace from the center out followed by another half excitation with the polarity of the slice selection gradient reversed. Data from the two half excitations were added to produce a single radial line of k-space, repeated through 360°, mapped onto a 512×512 grid and reconstructed by 2D inverse Fourier transformation [15, 32, 33] .
High-resolution quantitative sequences were performed in the dissected articular discs and included: (1) UTE T2*; (2) UTE T1ρ; (3) spin echo T2 sequences. T2* was measured through exponential fitting of UTE images with a series of TE delays [25, 33] . The UTE T1ρ sequence combined a regular spin-lock pulse cluster followed by regular UTE acquisition. T1ρ was measured through exponential fitting of UTE T1ρ images acquired at a time-to-spin-lock (TSL) series [28, 33] . T1 values required for calculating T1ρ were measured for each subject using saturation recovery UTE acquisitions with a series of saturation recovery time/projections. The parameters used in each sequence are detailed in Table 1 .
In vivo MRI
TMJs of six volunteers (24-62 years; four females/two males; three asymptomatic and three symptomatic) were imaged in a 3-T Signa HDx scanner (GE Healthcare, Milwaukee, WI) using a modified transmit/receive switch and a 3-inch surface coil placed adjacent to the TMJ. UTE T2* MR images employed similar UTE techniques to those of cadaveric quantitative analysis and were obtained in the sagittal plane. (Other quantitative sequences were not performed in vivo because of time considerations.) The parameters used in each sequence are detailed in Table 2 . A sagittal T1 NFS FSE sequence was obtained for morphologic assessment of the TMJ (FOV=10 cm, matrix=512×512, slice thickness=2.8 mm, TR=700 ms, TE=10.4 ms).
Morphologic evaluation
Two subspecialized musculoskeletal radiologists (E.Y.C. and C.B.C. with 5 and 15 years of experience, respectively) independently reviewed all the volunteers' MR examinations using a picture archiving and communication system workstation and were not aware of the presence or absence of symptoms. Images were evaluated for TMJ articular disc and mandibular condyle abnormalities. This morphologic assessment was done in the T1 NFS FSE sequence.
Disc morphology was cataloged as normal (biconcave) or abnormal (a lengthened, biconvex, rounded, folded, thickened posterior band) and evaluated for the presence of perforations [6, [34] [35] [36] . The disc was also assessed for displacements within the joint in the sagittal plane and for changes in signal intensity [6, [34] [35] [36] . Associated findings in the mandibular condyle were also evaluated and included subchondral plate morphology and bone marrow edema-like signal [36, 37] .
Quantitative evaluation
Regions of interest (ROIs) were drawn around each TMJ disc for each quantitative sequence, and both ROI values and pixel-by-pixel maps were determined based on signal intensity utilizing a nonlinear least square mono-exponential curve fitting program in MATLAB (MathWorks, R2011b). As described previously [28] , UTE T1rho calculation takes into account T1 contamination due to incomplete recovery of the longitudinal magnetization from the use of relatively short TR values. The following equation was used to model T1rho relaxation in the presence of T1 contamination:
S is the signal intensity, TSL is the spin-lock time, TR is the repetition time, T1 is the longitudinal relaxation constant (measured from the saturation recovery sequence), α is the flip angle, and C is the constant.
Similarly UTE T2* and spin echo T2 values were determined using the following equation modeling T2* or T2 relaxation:
In addition to the fitted parameters, the standard error of each fit was determined from the residual of the fit, where a smaller value indicates a better fit.
Data analysis
For cadaveric study, using EXCEL (V14.3.4, Microsoft) software, proportions of different morphologic findings in the articular disc and the mandibular condyle were determined. In addition, for quantitative MR measures, mean and standard deviation values were computed. However, due to the small number of samples, statistical analysis was not performed. For the in vivo study, mean UTE T2* values between asymptomatic and symptomatic subjects were compared using analysis of variance.
Results

Cadaveric study
The different structures of the TMJ were successfully demonstrated on high-resolution PD MR images of cadaveric TMJs. On sagittal PD FSE sequences, the articular disc was observed as a biconcave hypointense structure, and its three portions were clearly visualized: the anterior band, intermediate zone and posterior band. In the closed-mouth position, the disc was located between the mandibular fossa of the temporal bone and the mandibular condyle (Fig. 1) . In the open-mouth position, the articular disc translated anteriorly and was located between the articular eminence of the temporal bone and the mandibular condyle. The superior and inferior retrodiscal layers, which form the retrodiscal tissue, separated from each other in the open-mouth position (Fig. 2) .
The 2D UTE pulse sequence with a TE of 0.01 ms allowed the visualization of tissues with both long and short T2 components in the TMJ (Fig. 3a) . Subtraction techniques improved contrast between the articular disc and surrounding structures. These techniques facilitate the visualization of structures with only short T2 components as MR images with longer TEs (Fig. 3b) can be subtracted from MR images with shorter TEs. In the TMJ such short T2 structures are the fibrocartilaginous disc and the fibrocartilage covering of the articulating surfaces of the temporal bone and mandibular condyle (Fig. 3c) .
Internal structure of the articular disc was observed on high-resolution MR images of the dissected discs (Figs. 4  and 5 ). The fibrocartilaginous matrix was best depicted at shorter TEs (0.1-2 ms), whereas the collagen network was best shown at longer TEs (10-11 ms) where the contrast between the two components was greater. The intermediate zone of one of the specimens had higher T2, UTE T2* and T1ρ values than the anterior and posterior bands. In this specimen, the mean T2 value of the articular disc was 15.04 ms ± 0.97 ms, the mean UTE T2* value was 7.65 ms±0.15 ms, and the mean T1ρ value was 9.62 ms±1.96 ms (Fig. 4) .
The second dissected disc was grossly abnormal and had a central perforation. In this specimen there was a prolongation of T2, UTE T2* and UTE T1ρ relaxation times in the posterior band with a clear difference between mean values of the posterior band (T2 = 58.02 ms ± 22.28 ms; UTE T2* = 14.26 ms±0.43 ms; UTE T1ρ=17.46 ms±2.8 ms) compared with the anterior band (T2=24.25 ms±5.78 ms; UTE T2*= 6.96 ms±0.2 ms; UTE T1ρ=9.23 ms±1.37 ms) (Fig. 5) .
In vivo quantitative study
The age range of the total group of volunteers (n=6) was 24-62 years (mean 38.17 years±16.19 years). The age range of the asymptomatic group of volunteers (n=3) was 24-27 years (mean 24.33 years±2.52 years), with two female and one male subjects. The age range of the symptomatic group of volunteers (n=3) was 47-62 years (mean 52 years±8.66 years), with two female and one male subjects. Symptoms included TMJ pain and clicking in one subject and TMJ pain in two subjects.
Morphologic analysis of the TMJ on the T1 NFS FSE sequence by the two radiologists, revealed signal intensity changes in all of the TMJ discs evaluated (n=6). Five of them (83.33 %) had abnormalities in disc morphology. The only subject with normal morphology of the disc was symptomatic. Two discs were found to have anterior displacement (33.33 %), one disc in an asymptomatic subject and one in a symptomatic subject. None were found to have posterior displacement. Additional MR findings in the mandibular condyle included thickening and irregularity of the subchondral plate in four of the six subjects (66.67 %); two of them were asymptomatic and two were symptomatic. Bone marrow edema-like signal and osteophytes at the anterior margin of the condyle were found in the symptomatic volunteer who had TMJ pain and clicking (Fig. 6) .
The agreement between the two radiologists was perfect when distinguishing abnormal from normal articular discs. There was disagreement about one subject when characterizing the articular disc (described as perforated by one radiologist and abnormal without perforation by the other).
UTE T2* quantitative analysis was performed successfully in the six volunteers with short scanning times (average scan time of 3.2 min). UTE T2* mono-exponential fitting and color mapping analysis of the articular discs in the six subjects reflected the morphologic changes with prolongation of UTE T2* relaxation times at more advanced stages of degeneration (Fig. 6 ). The range of mean UTE T2* values was 8.3-19.3 ms (mean 12.57 ms ± 3.86 ms). There was a slight increase (p = 0.15) in the mean UTE T2* values of the disc in the symptomatic group (15.39 ms±3.43 ms) compared with the asymptomatic group (9.74 ms±1.28 ms) (Fig. 7) .
Discussion
In this study UTE quantitative MRI was successfully performed in the TMJ of cadavers and subjects, allowing visualization of tissues with short T2 components and quantification of the MR properties of the articular disc. Mean T2, UTE T2* and UTE T1ρ values adequately reflected degenerative changes in cadaveric discs. Mean T1ρ values were overall higher than mean UTE T2* values. Quantitative UTE MRI of the TMJ was performed in vivo using short scan times and was useful to assess the severity of articular disc degeneration. We found that the mean UTE T2* values of the articular disc in symptomatic volunteers showed a trend of being higher than in the asymptomatic group.
Integrity of the articular disc is essential for normal function of the TMJ. Any alteration in the internal structure of the articular disc can affect its biomechanical properties and adversely impact joint mechanics [38] [39] [40] [41] . Damage to the TMJ disc has been shown to precede other morphologic or positional changes [3, 5, 41] . The ability to recognize early degenerative changes in the articular disc of the TMJ may be useful clinically if it precedes more serious structural deterioration in the TMJ, including disc perforation, rupture of the retrodiscal layers, joint space narrowing, changes in the articulating surfaces and the appearance of osteophytes [2, 4, 37] .
With degeneration the tissue undergoes certain changes, which include an alteration in the collagen network and a change in the water and proteoglycan content [16, 42, 43] . The MR properties of the tissue will reflect the structural changes; therefore, quantification of those properties is essential to recognize early alterations. As any fibrocartilaginous structure, the articular disc has short T2 components that cannot be evaluated with the standard MR techniques [13] [14] [15] [31] [32] [33] ; this is why the application of UTE techniques is especially useful in the evaluation of the articular disc and other structures with short T2 components in the TMJ.
There is limited literature available regarding quantitative UTE MRI of the TMJ. Cao and Kakimoto performed T2 mapping of the articular disc demonstrating significant variations among the different portions of the disc [5] and prolongation of the T2 relaxation times of the disc with Sagittal UTE T2* MR images and color mapping of the same articular disc at a series of TEs (0.1, 2, 5 and 10 ms). c Sagittal UTE T1ρ MR images and color mapping of the same articular disc at a series of spinlock times (TSL) (0.02, 2, 5 and 10 ms). At the anterior and posterior bands of the disc (arrowheads), the signal decays quickly with increasing TEs. In contrast, the intermediate zone (arrow) has higher signal intensity with longer TEs. UTE T1ρ MR images show less signal loss with increasing TSLs than the UTE T2* with increasing TEs. T2, UTE T2* and UTE T1ρ values are lower at the anterior and posterior bands of the disc than in the intermediate zone. This is reflected in the color maps progressive degeneration [43] . Few studies have evaluated the application of UTE techniques in the TMJ [13, 14, 31] . Of these studies, one by Sanal et al. quantified short T2* properties of the articular disc using UTE techniques with histologic and biomechanical reference standards in one cadaveric TMJ and in two asymptomatic volunteers.
This study demonstrated an inverse relationship between UTE T2* values and indentation stiffness as well as collagen organization [31] .
One of the limitations of this study was the small sample size. A second limitation was the availability of only T1 NFS FSE sequences for the morphological evaluation in the volunteers. The lack of fluid-sensitive sequences may have affected the characterization of TMJ pathology by the radiologists. A third limitation was that signal intensity alterations in the discs, found in all volunteers, were attributed to pathology. Signal intensity alterations secondary to technical factors such as magic angle effects, motion artifacts and others were not considered.
In conclusion, MRI evaluation of the TMJ using UTE techniques allows characterization of the internal structure and quantification of the MR properties of the articular disc. Quantitative UTE MRI can be performed in vivo with short scan times to potentially monitor progressive changes in the TMJ disc associated with symptoms. Fig. 7 Graph showing the mean UTE T2* values in the asymptomatic and symptomatic groups. Mean UTE T2* values tended to be higher in the symptomatic group 
